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Operation at constant

RPM and rarid resronse are obtained by usins blade pitch moments for both sensina

tontrol need and blade ritch actuation.
degsisn,

INTRODUCTIDN

The control system descrxhed here is part of a
SHECS desian done for North Hind Power Co. under
a Rockwell/DOE contract. The machine, as now
confisured is a 10 meter, down wind, HAWT rated
at BKW @ Ba/s. It is a line interface unit usina
a direct drive syncronous alternater. The rotor
is a8 two bladed, teeterins system with delta
thrge znd solid laminated wood blades. The

srstem is

santral is anigzlinechanical system

Wubz*? “reseands to blade _aerodvnamic loads and
RPH. Fower and load control is accomplished

The roisr

- yhrougk hlade ritching in the direction of

Feather with shut down beins Full feather.
Btarting cowes from an inboard blade twist.

CONCEFT

The control svstem concepy is to chanse blade

pitok znale in resronse to blade ritch moment.
The blades are then sensors transmittina control
inforsatian, and also suprrlying contrael actuation
forcE; via hlade pitch moment. Pitch moment,
“throuah elacement of the pitch axis, is made
sensitive to aerodvnamic and centrifusal forces.
_This control gan thus be used with a rotor
operating at constant, synchranous. RPM while
still providing protection asainst overspeed
gondicions.

Figure 1 shuus the thch axis rlaceuent at ane
radial station. Aerodvnamic Lift. the
Freds will create a pitchina
goment throush offset Xa. Eaquilibrium is
ebtained by arplvina the control moment Mc. For
a zivan wind sreed there is one equilibrium ritch
ansle 8. For examrle, assume B is increased frowm
an equilibriua position, then the airfoil anale
"of attack will decrease, reducins the cpefficient
of 1i#: and thus Lift Force. The asrodrnawmic
#oxent is now less than the control moment which
aciuyaiss a blade pitch, decreasina B8, until
suyilidrium is asain reached. This aeradrnamic
restoring force maintains equilibrium.

For canstant RPM oseration a chanse in wind

speed will move the system to a new pauilibrium
pitch anale., The predominant effect of an
increzse In wind speed is an increase in anale of
attack which increases the 1ift coefFicient and
Lift Farce. This difference between aerodvnamic
and coatrel wowents will tend to increase the
pitch anale until a new eauilibrium pPoint is
reached. _

The contrcl moment Mc is a Funetien of pitch
anale and will determine the equilibrius pitch

Tee va awins on a aured uoudén Pole tower,

The basic conceet,
and dvnam1c analvsls are briefly mresented.
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static or eguilibrium

ansle at eanh wind sreed. The Totor Power
outrut. beina derendant on wind sreed and ritch
ansle, is determined by this Mc function.

Figure | also shows the blade center of sravitr
offset From the rotor axis. This sives a
positive (+8) pitchina moment due to rotor
anaular velocity which results in sensitivity to
rotar overspreed.

STATIC DESIGN

Static Desisn of this control svstem involues a
trade-off between rotor seometry, control soment
characteristies, desired power curve., and
resultina unloaded equilibrium oversreed. Fisure
Z rerresents the final seometric lavout of the
rotor.

To evaluate this analvtically a Blade Element
Theory For aerodynamic forces (ref 1) is combined
with a simple risid body model For rotational
effects. A elot For constant rotor RPM is siven
in Figure 3. Here the pitch moment, or
egquilibrius control moment, is siven as a
Function of eitoh anale For constant wind srpeeds
and rotor power outeputs. Flaure 4 presents the
same tyre of rlot For zero Power output:
rerresentins the unloaded control response.

Equllxbrxum rerformance is deternined by these
rplots. MWith control maoment siven as a Function
of pitch anale the resultina power, unloaded RPM,
and blade pitch are defined as functions of wind
speed. Assumed control moment curves are
presented in Fisures 3 and 4 as dotted lines.

Trade-offs to obtain desireable static
perFormance characteristics involve adjustins
rotor aseometry, control moment function, and
associated structure. Since these involve
constraints such as manufacturability and
concertual desisn they don’t lead to explicit
svaluation.

AERDELASTIC

The torsional stiffness of this blade-hub

system is inherently very low beina predominantly
From the aerodvynasic restorins force mentioned
earlier. Because of this the rotor is suscertable

to aeroelastic instabilities.

Modes which involve in~rlane motions shouldn’t

be excited due to the hish natural freauencies in
this dearee of Freedom. Followins this
reasoning, problems of around resonance and whirl
modes aren’t anticirated. A teetering svstem
Wwith Free vaw is not prone to these praoblems

(ref 2).



This leaves pitch/Flar instabilities which are
of concern. By studvins the rotor mode shares
and notins ritch deflections are concentrated at
the pitch axis a sinale blade analvsis can be
Justified.

Qut-of-rlane vibration modes can be classifFied
into two srouFrs as either involving or not
invelving teeter. Figure 5 shows the first four
out-of-rlane mode shapes For a teeterina rotor.
The first and third (5a: 5c) invaolve a teeterins
motion with the Flap deflections of each blade
arproOltte. Conversely, the second and third (5b,
5d) invelve no teeterina deflection and have
identical flas deflections. Control pitch
deflections, due to mechanical requirements of
the ritch linKase. chanae the pitch ansles of
each blade br the same amount,

Pitch/flar instabilities involve an

aerodynamic courlins of the above contral eitch
and out-of-rlane deflections. The above then
would rewuire instabilities invalvina teeter
motians to have a different mode share for each
blade. A 180 dearee Phase shift in pitch/flap
deflections would have to occur. For this reason
instabilities which involve a teeterins motion
are not anticieated. Other pitch/flar
instabilities which involve cantilever
deflections are however rossible.

Note that ritch deflections due to a delta 3
ansle, beina directly courled to teeter motions,
are not inderendant dearees of fFreedom. This
delta 3 effect will Further stabilize modes which
involue teeter motions (ref 3.4).

Three siwple analvtic models have been used to
investiaate pitch/flar aeroelasic stability. All
involve rigid bodv, ewuivalent hinze
representations, The First beins a “"classic”
Form derived from the helicorter industryv. It
incorporates Quasi-Steady, Theodorsen,
dercdynamics with constant chord and twist (ref
5:6). The second uses the same Formulation but
assumes steadry state aerodynamics. Figure 6
shows a representation of the First two models.
The third model uses steady state aerodynamics
but includes several seometric imprrovements over
the first two, [t includes twist and tarer alonaz
with hinge offsets to better approximate
seometric control characteristics. This model
was derived for time domain investimations of
control resronse. Figure 7 represents this
model.

Each of these analvtic models can be presented

in matrix form as:
™ Mé]{é}+ my ma](e
Mp Msjle My Mejlo

i

N2 Y Y

Mg Mgl
My my
—{Mv}v +{Mo}

The stabilitr derivatives, here the matrix
elements, are given in Table I For each of

the theoretical models. A numerical sisen value
areroach was used to solve the unforced eauations
for stability information,

A pitch/Flar instability was predicted in sach
case. An sttemprt has been made to understand the
rarameters involved with this instability and
eliminate it. In doins so some understandinas of
the srstem and the models used has been 3zained.

Various rarasmeters were chansed to determine
which have a sianificant effect on this
instability. This resulted in three rarameters
beina flar natural frequency. RPM, and eitch
damprina, RPM is determined by the static desisn
and was Keet as small as reasonable. This leaves
flar natural frewuency and epitch dameinas for
adJjustment, Fisure 8 shows stability plots for
each of the three analvtical models. These are
calculated for runnina RPM and show Flar natural
frequency versus pitch damrina. The three ‘asres
in seneral, predictina the instability. but
differ quantitatively.

The Flap natural fresuency can be adJusted

but, without a chanse in blade sructure, this
rarameter can not be varied enoush to stabilize
the system, Since ritch deflections are
concentrated at the eitch axis dawpinm can be
added. This solution was adorted althoush a
damper, beina mechanical, can fFail and allow the
system to become unstable, A vibration shut down
is required., For reliability., dampers are elaced
at the eitch shaft to svoid linkase wear and
fatigue., Althoush havina a winimal imract, Pitch
dampring will slow sust response.

Some insisht can be aained about the three
analvtical models From the stability erlots in
Figure 8. Note that the first two models comrare
well with the only difference due to
aerodvynamics. The similarity of these rlots mav
be misleadina due to the verr low torsional
stiffness which tends to slow the motions and
ninimize the differences between steady and
Quasi-steady aerodvnamics. The steadry state
assumption {3 the more conservative. The third
model {s considerably less stable than the fFirst
two. The modeling differences between these are
the control offsets, tarer, twist, and sweer but
it i5s not Known how much effect each has.

DYNAMIC RESPONSE

To assess dynamic control response the third
model, with its Farcina function. was solved in
the time domain., A numerical solution was used
to analytically model several wind sust cases.

Fisure 9 shows pitch and Flar resronse for a

wind aust of 8 to 24 m/s in one second. This is
felt to be an extreme sust which would be rarely
encountered. The control system is resrondina
within 1/4 second and the sreatest out—of-rlane
load, correspondina to the areatest Flae
deflection, occurs at 1/2 second, This resmonse
is Fast enoush to relieve major blade loads. The
larsest out-of-eplane load encountered is near one
fourth the worst case load comins from hish wind
shut down conditions.

The rarid response is inherent with this
control srstem. Translatins blade Icads into a
control pitch involves only the eritch inertia.
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Most control systems sense a condition. such as
an RPM chanae. which involves a much larser
inertia. Pitch damping, added for aeroelastie
stability, does slow response time but is a minor
effect. The plot presented in Fisure 9 includes
this dawpPing.

CONCLUSIONS

Analvsis of the control system is comelex but
results in a relatively simrle mechanical system
with control resronse rarid enoush to relieve
susts. This comeplexity is due to the
interderendance of rotor seometry: system loadss
dvnamic reseonse and aeroelastic stabilivr.

The simrle aeroelastic models used are not in
cloze asreement. These siwrle models are
igportant in SWECS desisn where larse compruter
codes are usually not cost effective,
Investisations to determine the critical
parasaters in these models, and comrare results
with test data, or the larze computer codes
(raf 7}, would be useful.
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NOMENCLATURE
@ = Jift eyrve slese .- (G radius .
€ - chard v - gust wind velogity
Ca~ coof, of lift Vo~ equilibrius wind velocitr
di~ gffsst (Fis 2) ¢ - Flar anale
de- offset (Fis 2) ¥- lock number
I-1/h & - pitch anale deflection
I, Flar uouent of inertia 6,~ ewuilibrium pitch anale
Is- pitch souent of inertia € - air density
I- g/, - quarter cherd/elas. axis
Is- crass product of Inertia °h- ayarter cherd/CG oFFset
m- blade wass - roter anaslar velocity
* - logal radius Cﬂ!- flar natural freseency

R~ radias - i c,- ritch matural Fremuency
R~ inaer hlade radius
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From:

Q:

A:

QUESTIONS AND ANSWERS

H. Currin

T.A. Egolf

How does the nonlinearity of the actual unsteady lift response to rapid high angle
of attack variations affect the control system response?

Response should be rapid enough to avoid stall with any "real world" gust (an ad-
vantage of this control). Dynamic stall, if encountered, initially increasing Lift
would increase pitech response. Wihtout stall, I'd guess unsteady aero would slow
regponse.
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